Abstract Recent studies have demonstrated that carotenoid-based traits are under the control of testosterone (T) by up-regulation of carotenoid carriers (lipoproteins) and/or tissue-speciWc uptake of carotenoids. T can be converted to dihydrotestosterone (DHT) and estradiol (E2), and variation in conversion rate may partly explain some contradictory Wndings in the literature. Moreover, most studies on the eVect of T on sexual signals have focused on the male sex only, while in many species females show the same signal, albeit to a lesser extent. We studied the eVects of T, DHT, and E2 treatment in male and female diamond doves Geopelia cuneata in which both sexes have an enlarged red eye ring, which is more pronounced in males. We Wrst showed that this periorbital ring contains very high concentration of carotenoids, of which most are lutein esters. Both T and DHT were eVective in enhancing hue, UV-chroma and size in both sexes, while E2 was ineVective. However, E2 dramatically increased the concentration of circulating lipoproteins. We conclude that in both sexes both color and size of the secondary sexual trait are androgen dependent. The action of androgens is independent of lipoproteins regulation. Potential mechanisms and their consequences for trade-oV are discussed.
Introduction
Colorful traits have attracted the attention of biologists since the beginning of the history of evolutionary theory (Darwin 1871) and understanding the mechanisms producing these signals is important for answering their function and evolution. Secondary sexual traits are often much more elaborated in the male sex, playing a role in mate attraction or male-male competition. The physiological processes involved in the production of such a trait are a key element in two main, but not mutually exclusive, evolutionary hypotheses proposed for explaining honest signaling about the quality of the sender (sensu Zahavi 1975) . The immune competence handicap hypothesis (Folstad and Karter 1992) states that the cost of the signal, required for honest signaling, is due to the immunosuppressive eVect of testosterone (T), the latter being required for signal expression. Evidence for this is ambiguous (reviewed in Roberts et al. 2004; Muehlenbein and Bribiescas 2005) . The second theory (the oxidation handicap hypothesis, Alonso-Alvarez et al. 2007) proposes that T may impair the antioxidative barrier by increasing the level of circulating free radicals, due to increased metabolic rate and diverting carotenoids that may enhance antioxidant capacity, from the body to sexually selected traits. This would then result in oxidative stress and damage of biologically relevant molecules, such as DNA. This hypothesis is supported by a study on the zebra Wnch (Taeniopygia guttata), showing that the antioxidant barrier is the lowest in males implanted with testosterone (Alonso-Alvarez et al. 2007 ). Moreover, the Wnding that carotenoids can be involved in immune enhancing and antioxidant activity (Blas et al. 2006; McGraw and Ardia 2007; Alonso-Alvarez et al. 2008; Pérez-Rodríguez 2009 ) is also consistent with this hypothesis although evidence for a strong antioxidant activity of carotenoids is still weak, at least in vivo (e.g., Costantini et al. 2007; Costantini and Moller 2008) .
Fleshy traits, such as the periorbital ring, supraorbital combs and wattles, are interesting for assessing the validity of sexual selection hypotheses, as they can change size and color over a short time period, signaling the current condition of the sender, in contrast to, for example, feathers or hair that change over a much longer time period. The general pattern is that the intensity of Xeshy trait coloration is enhanced by androgens (e.g., Eens et al. 2000; Mougeot et al. 2007 ). This can be due to androgens stimulating blood Xow at the tissue level, as observed in the comb and wattles of the red jungle fowl (Gallus gallus, Hardesty 1931) or in the bill and bill knock of the shelduck (Tadorna tadorna; Groothuis and Dütmann 2008) , or to the regulation of pigment content in the tissue, as observed for carotenoid-based traits ). The latter has received much attention in recent years as they can be considered condition-dependent traits (Johnsen et al. 2003; Peters et al. 2007 ) due to the trade-oV between carotenoid allocation to health or signaling functions (Faivre et al. 2003; McGraw and Ardia 2003) . In particular, studies on eye rings and combs clearly show that these traits honestly signal health status (Mougeot et al. 2005; Blas et al. 2006; Kristiansen et al. 2006; Martínez-Padilla et al. 2007; Mougeot et al. 2007 Mougeot et al. , 2009 Mougeot 2008; Perez-Rodriguez and Vinuela 2008; ) and thus can be employed for investigating them in the context of sexual selection. Carotenoids are important compounds for stimulation of the immune system and perhaps for antioxidant functions (reviewed in Olson and Owens 1998; Møller et al. 2000) but cannot be synthesized de novo by the animal itself. Therefore, they have to be taken up directly from the diet, although some of them are subsequently converted to other biologically active forms. Xanthophylls (oxycarotenoids) are the commonest avian carotenoids and they can be readily removed from Xeshy traits (Casagrande and Groothuis, submitted; Faivre et al. 2003 for other bare parts), probably to be reallocated to immunological functions, or they can be degraded while acting as antioxidants, for example, after exposure to UV radiation and free radicals production as observed in the skin of mice (Lee et al. 2004) .
Although carotenoid-based traits have been extensively studied (for a review see McGraw 2006a), the mechanisms involved in pigment absorption and body distribution are not well known (Kiefer et al. 2002) . It is has been ascertained that carotenoids are transported in the blood by lipoproteins (Parker 1996) and that the pigments are tissue speciWcally acquired from these transporters (e.g., Ando and Hatano 1988; Vanhoutteghem et al. 2004) . The role of androgens is, however, less clear. For example, in zebra Wnches T enhances both lipoprotein availability and beak coloration in males but only the latter in females (McGraw 2006b) . Furthermore, in the red grouse (Lagopus lagopus scoticus) T enhances carotenoid deposition in the comb of the males but not carotenoid concentrations in the blood ) while in the red-legged partridge (Alectoris rufa) T does not cause an increase in males' eye ring coloration (Blas et al. 2006) , or even decreases color intensity ). In addition, in the red-legged partridge it has been shown that T can enhance eye ring coloration and circulating carotenoids in middle age males, while having no eVect in old individuals (Alonso-Alvarez et al. 2009 ). None of these studies investigated the potential role of T-metabolites and their potentially diVerential eVect on coloration or lipoproteins status. T can be converted to dihydrotestosterone (DHT) and estradiol (E2), with both T and DHT binding to the same receptor (Roya et al. 1998) in target tissues and only the latter to estradiol receptors (Levin 2005) . DHT cannot be converted to E2 and has a higher aYnity to the androgen receptor than T. Knowing which sex steroid is involved in trait regulation can be crucial in the context of sexual selection investigation as androgens and estrogens can have opposite eVects on the immune system (Grossman 1985; Olsen and Kovacs 1996) as well as on lipoprotein availability (Kudzma et al. 1973; Luskey et al. 1974 ). In addition, it has recently been proposed that the honesty of carotenoid-based signals is based on the cost of up-regulating carotenoid carriers, the lipoproteins (McGraw and Parker 2006) and that T administration increases lipoprotein concentration in the blood . Therefore knowledge of the diVerent roles of the diVerent steroids can increase our understanding of the potential cost of carotenoid-dependent signaling.
Another gap in the experimental study of carotenoidbased Xeshy signals is the investigation of female signaling (but see Eens et al. 2000) . Especially in monogamous species females possess similar signals as males, although often less elaborated. In such species males, like females, may select their partners too on the basis of such signals. Moreover, in case the hormonal mechanism underlying male and female signaling is the same, the consequences for one sex may constrain the evolution in the other sex (Ketterson et al. 2005; McGlothlin and Ketterson 2008) .
The present study was carried out to investigate the relationship between T, DHT and E2 on the one hand and carotenoid-dependent bare skin coloration and circulating lipoproteins in both males and females diamond dove Geopelia cuneata on the other. The diamond dove is a small (»35 g) seed eating columbid species, adapted to extremely arid environments of Australia, breeding opportunistically in accordance with trophic conditions (Schleucher et al. 1991) . It is socially monogamous and incubation, brooding and young feeding are equally shared between parents. Diamond doves have a relative extensive red-orange periorbital ring of bare skin. Males have, especially in the reproductive season, bigger and more intense coloration of the periorbital ring than females (Gray 1970; Voets 1980; this paper) . We Wrst established the high carotenoid level in the eye ring and characterized its carotenoids as well as the carotenoids in the food provided to the birds during the experiment to ascertain if carotenoids deposited in the trait have been metabolically transformed after their absorption in the gut. Next, we experimentally manipulated steroid hormone levels and determined their eVect on plasma concentrations of hormones, lipoproteins and eye ring color in both sexes.
Materials and methods

Housing condition
We used 96 birds, housed in individual male-female pairs in indoor cages at the Biology Department of the RUG University, in a room set at constant short photoperiod (8L:16D) at about 20°C. The short photoperiod started 4 weeks before the experiment and was aimed to prevent the non-castrated birds to become sexually active, thereby maintaining a low level of endogenous steroids. Pairwise housing was used to provide a normal social condition since isolated birds showed clear signs of distress. Pairs only had auditory but not visual contact with other pairs. They were supplied with food (tropical seed mix) and water ab libitum and acclimatized to the pair-housing condition for 1 week before the start (day 0) of the experiment. The sex of each bird was molecularly determined following Fridolfsson and Ellegren (1999) .
Design
At day 0 birds were randomly assigned to one of the four steroid treatments: testosterone (T), 5 -dihydrotestosterone (D), 17--estradiol (E) and control (C). Each experimental group consisted of 12 males and 12 females. To reach a balanced condition of housing related to hormone treatment, sex, and pairing, we re-allocated the birds over all the possible pair combinations, obtaining three cages per each of the following combination (small letter is referred to sex and capital to hormone treatment): mT-fT, mT-fD, mT-fE, mT-fC, mE-fD, mE-fT, mE-fE, mE-fC, mC-fC, mC-fE, mC-fD, mC-fT, mD-fC, mDHT-fE, mDHT-fD, mD-fT. Three individuals were erroneously sexed. This was ascertained after the end of the experiment, when birds were exposed to long daylight photoperiod and showed sex-speciWc courtship behavior. DNA analysis was then re-performed for wrong sexed birds only and molecular sexing matched behavioral sexing. Thus, there was one cage with 2 C males, 1 with 2 C females and one with 2 T females. Since this housing condition did not aVect their hormonal status compared with the other birds, and the results concerning our dependent variables were similar when these birds were either included or excluded from the analyses, we decided to include all birds in the statistical analysis to increase statistical power.
At day 0 (starting the hormone treatment, see below) and day 14 we took measurements of color and size of the eye ring as well as of body mass (see below) of all birds. At day 20 we took blood samples to determine the eVectiveness of the hormone implants and blood levels of lipoproteins and carotenoids. Since half of the birds of each hormone treatment participated in an additional experiment where birds were immuno-challenged on day 14, which turned out to inXuence their hormone levels (Casagrande and Groothuis, submitted) , hormone levels on day 20 could only be used from the other half of the birds for the current experiment. Since birds allocated to the immunization experiment were randomly chosen, the cohort we used should give a reliable indication for the whole batch. Due to the volume of blood required for the analyses (450 L) we could only collect blood once over the experimental period and decided to do this on day 20 since blood sampling was required on that day for the additional experiment. Therefore, we correlate eye ring measurements at day 14 with blood plasma parameters at day 20. We are conWdent that the blood levels of hormones at day 20 closely resemble those at day 14, since the implants release stable levels of hormones during that time (WingWeld et al. 1984; Ketterson et al. 1991) . In addition, eye ring parameters of those birds that could be measured both on day 14 and day 20, did not change signiWcantly (paired t test: size: t (1,46) = 0.61, p = 0.54; hue, t (1,46) = 0.79, p = 0.43, UV-hue, t (1,46) = 0.49, p = 0.49; chroma, t (1,46) = 0.77, p = 0.45; UV-chroma, t (1,46) = 0.79, p = 0.43).
We also took small biopsies from the eye ring of two birds for characterization of carotenoids by HPLC. These pilot measurements were carried out on birds not included in the experimental sample. In addition, we performed this characterization on seeds provided to the birds in order to determine which carotenoids and to what extent were taken up from the food or produced endogenously.
Hormone implants
Birds were implanted on day 0 with a silicon capsule (i.d. = 1.50 mm, o.d. = 2.0 mm, length = 12 mm) Wlled, with either crystalline testosterone (T, product number T1500), 17 -estradiol (E2, product number E2758) or 5 -dihydrotestosterone (DHT, product number 10300) (all from Sigma-Aldrich, St. Louis). Filled tubes had been embedded for 24 h into phosphate buVered saline before implantation. Controls were implanted with empty tubes of the same size. The dimension of the implants was chosen based on earlier studies with similar-sized birds reporting a physiological increase of steroids after manipulation (Soma et al. 2000; Tramontin et al. 2003) . Birds were locally anesthetized with lidocaine (Xylocaine, AstraZeneca BV, Zoetermeer) and the implant was inserted under the skin, after making a small cut in the right Xank. The cut was sealed with surgical glue (Hansaplast-Beiersdforf, Hamburg).
Color and morphological measurements
The color of the sexual trait was assessed indoor in constant temperature conditions by measuring the reXectance of the eye ring every 0.35 nm using a portable spectrometer USB-2000 (conWgured range 250-850 nm), a light source deuterium-halogen DH-2000 (both Avantes, Erbeeck), and the software AvaSoft 5.0 (Avantes, Erbeeck). The probe, which holds both illuminating and recording optical Wbers, was held at right angle against the skin. After calibration with dark and white references (WS-2, Avantes) we took three reXectance scans per each bird in a Wxed location (the right side of the right eye ring), removing and replacing the probe between each scan. From raw spectral data we computed the indices of hue, chroma, UV-hue and UV-chroma from each spectral data and we considered the mean value of the three repeated scans for statistical analyses after checking for repeatability (intraclass correlation coeYcients, r hue = 0.80, r chroma = 0.86; r UV-hue = 0.89; r UV-chroma = 0.92; all p < 0.001; Lessels and Boag 1987) . We considered the spectral range between 300 and 700 nm, both because it is the commonest range used by birds also sensitive to UV (Hart and Vorobyev 2005) and because carotenoid-based colorations show a bimodal pattern of reXectance within this range with a Wrst one in the UV and a second one in the yellow-red area, depending on pigments (Montgomerie 2006; our data) . To describe the hue and saturation we split the total spectrum in UV spectrum (300-400) and visible spectrum (400-700) (Montgomerie 2006 ) and we computed the colorimetric variables of hue, UV-hue, chroma and UV-chroma as follows. Hue and UV-hue were measured as the spectral location of the midpoint between the minimum and the maximum value of the reXectance observed between 400 and 700 nm for hue and between 300 and 400 nm for UV-hue ( (Rmid) , Andersson et al. 2002; Montgomerie 2006) . We calculated chroma and UV-Croma as R max ¡ R min /R average , respectively, between 400 and 700 nm and between 300 and 400 nm (Andersson and Prager 2006) .
The length and the width of the periorbital ring and the skull length were measured using a caliper to the nearest 0.1 mm. An estimate of the total eye ring area was calculated as an ellipse surface ( ab, where is the mathematical constant and a and b are, respectively, the semi-major and the semi-minor axes of the ellipse) considering the two axes, respectively, the longer and shorter axis of the ring. The area of the eye, calculated for 10 individuals (5 males and 5 females) was subtracted from the periorbital area and was calculated as a circle area from a mean diameter of 4.35 § 0.07 mm.
Body mass was measured with a digital balance to the nearest 1 g and an index of body condition (BC) was calculated as the residuals of a linear regression of body mass on skull length (Chastel et al. 2005) 
Blood sampling
Blood (350-450 L) was sampled from the wing vein with a heparinized syringe, kept on ice for maximum 5 h until centrifugation at 14,000 rpm for 5 min to separate the plasma. Both plasma and precipitated part was frozen at ¡20°C until analysis. Although it should be useful to have starting value of hematological parameters, we avoided repeated bleeding that could interfere with carotenoids allocation and general condition of the bird.
Steroid radioimmunoassay (RIA)
To determine plasma concentrations of the three gonadal hormones, plasma samples were extracted twice adding to the weighed plasma (150-200 L) 4 mL of petroleum ether/diethylether (30-70%) allowing steroids to pass from the watery phase to the organic one. The extraction was dried under a nitrogen stream and then dissolved in 90% ethanol, dried again under nitrogen stream, dissolved in 70% methanol and placed at ¡20°C overnight. The solution was dried and dissolved in 185 L of PBSG-buVer. T was assayed from 50 L of plasma, using DSL-4000 Active Testosterone Coated-Tube Radio immunoassay Kit (Diagnostic System Laboratories, Inc., Webster). DHT was assayed from 25 L of plasma using DSL-96100 Dihydrotestosterone Radio immunoassay Kit (Diagnostic System Laboratories, Inc., Webster) following the protocol provided with the kit. Estradiol was assayed in 50 L of plasma using DSL-4400 Estradiol Radioimmunoassay Kit (Diagnostic System Laboratories, Inc., Webster) following the protocol of the kit. The concentrations of steroids are expressed in picograms per milliliter. Twenty microliters of the extract was used to assess extraction eYciency by counting the amount of radioactivity recovered. The intraand inter-assay coeYcient of variation (CV) were, respectively, DHT, 1.57 § 0.16 and 6.66 § 0.88%; E2, 4.96 § 1.11 and 6.30 § 0.95%; T, 4.13 § 1.17 and 15.39 § 1.28%, while average recovery was 83%. Crossreactivity with steroids other than the target was low (testosterone antibody: 5.8% with 5 -dihydrotestosterone, 2.3% with androstenedione, 0% with estrogens; 5 -dihydrotestosterone antibody: androstandiol 3.3%, testosterone 0.6%, 0% with estrogens; 17 -estradiol antibody: 3.40% with estrone and 0% with androgens).
Carotenoid analysis
A semi-quantitative analysis was conducted to ascertain if the coloration of the periorbital eye ring was produced by carotenoids. The eye ring of two reproductively active birds (a male and a female not belonging to the experimental sample) were anesthetized with lidocaine and a skin sample of about 2.5 mm 2 was excised and stored in ethanol until high performance liquid chromatography (HPLC). The plasma (100 L) of 10 non-experimental reproductively active birds (5 males and 5 females) was also analyzed with HPLC in order to compare circulating and eye ring stored carotenoid. We performed a HPLC analysis also on the tropical seed mix to evaluate the quality and quantity of carotenoids available in the food oVered to the birds. HPLC analyses were carried out in the Department of Organic Chemistry of the University of Milan (cf., Stradi et al. 1995 and Casagrande et al. 2006 for a detailed description of the method). BrieXy, carotenoids were extracted from a weighed amount of skin, plasma or seeds with the same protocol used for the other organic complex matrix, as described in Schiedt et al. (1995) and Saino et al. (2002) for egg yolk analysis. The chromatographic analyses were prolonged to 75 min to evaluate the presence of esters. Pigments detected in the skin were identiWed by the retention time, the UV spectra and from LC/MS-MS analysis. Seeds pigments were identiWed by retention time, UV spectra and co-chromatography with standards. No pigments were detected in the plasma.
To measure the amount of carotenoids circulating in the blood, the plasma (20 L) was diluted with absolute methanol (1:25) and the Xocculent proteins were precipitated by centrifugation at 12,000 rpm for 5 min. Carotenoids were quantiWed with a Pharmacia Biotech Ultrospec (Pharmacia, Cambridge) spectrophotometer at 445 nm. The carotenoid concentration was estimated as g mL ¡1 of serum using the standard absorbance curve of lutein (Sigma-Aldrich product number 95507). HPLC of blood samples could not detect any carotenoids and the quantitative analyses of the blood sampled from experimental birds failed, again, in detecting any carotenoid circulating in the blood. Since these pigments were detected in the skin in a relative high concentration (Table 1) , we supposed that the diamond doves are highly eYcient in allocating carotenoids to speciWc tissues, maintaining their blood concentrations at very low levels, not detectable with the used devises. In addition, blood levels of carotenoids could be elevated only at the time of an increase in deposition or reallocation, while we have measured them in a stable situation. We do not think that this was an artifact, for example, sample degradation is an unlikely explanation because all other blood parameters from the same blood samples yielded values that are comparable with data in the literature. Additional analyses with HPLC using diVerent birds and solvents gave the same results.
Cholesterol analysis
To evaluate the concentration of carotenoid carriers (lipoproteins) in the peripheral blood, we measured the total amount of cholesterol, which is an important component of lipoproteins in animals and that has been used as proxy of lipoproteins in birds (McGraw and Parker 2006) . We diluted 10 L of plasma with 1 mL of the reagent kit NobiXow Cholesterin (Hitado Diagnostic System, Möhnesee-Delecke) reading the sample with the spectrophotometer Pharmacia Biotech Ultrospec (Pharmacia, Cambridge) at 500 nm. The concentration of cholesterol was calculated in milligrams per deciliter referring to Nobical Cholesterin (Hitado Diagnostic System, Möhnesee-Delecke) as standard. The kit is sensitive to both LDL-cholesterol (low density lipoproteins) and HDL-cholesterol (high density lipoproteins).
Data analysis
All analyses were performed with STATISTICA 7.0 (StatSoft 2004, Tulsa, OK, USA). A GLM ANCOVA was performed for each eye ring variable (color variables and size) and for body condition index, considering sex and hormone treatment as Wxed factors and as covariate the value of the corresponding variable registered on day 0. The latter was included to correct for variation in initial values since we are interested in the change in these variables due to hormone treatment. Since body mass or size may inXuence ring size we added these Wrst two as covariates in the model analyzing eye ring variables but since their explanatory value was minimal and far from statistical signiWcance we removed them from all models. A GLM ANOVA was performed for considering, respectively, steroid levels and cholesterol as dependent variables, and sex and hormone treatment as Wxed factors. Interactions and factors were sequentially removed from the models when non-signiWcant (p > 0.05) following a standard backward procedure. We report values from non-signiWcant predictors removed from the full model and those for signiWcant ones from the Wnal model. Normality was tested with Kolmogorov-SmirnoV and steroids levels were log transformed as they did not reach the normal distribution. Data are reported as mean § SE. We performed post hoc tests for detecting which hormone treatment diVered from each other when the overall eVect of treatment was signiWcant (p < 0.05). We performed post hoc tests detecting within which hormone treatment there was an eVect of sex only when the interaction between sex and hormone treatment was signiWcant, except for one case in which the data indicated lack of power for such an interaction. Post hoc tests were performed by using Fisher LSD tests after removing non-signiWcant factors.
Results
Carotenoid characterization
The bare skin of the two periorbital rings contained a high concentration of xanthophylls (dehydrolutein, lutein, zeaxanthin, and lutein esters; Fig. 1 ) with the ones of the males having higher levels than the ones of the females (Table 1) . Trans-lutein and zeaxanthin, being present in the seeds, may have been acquired by the bird from the diet and deposited in tissues without any transformation, in contrast to cis-lutein and dehydrolutein which were lacking in the food. It is known that dehydrolutein can be converted from zeaxanthin and/or cis-and trans-lutein by oxidation (Gesa et al. 2008 ). The skin also contained high concentrations of lutein esters (Table 1 ; Fig. 1 ). The latter represented 92% of the female and 84% of the male total skin carotenoids, respectively, while these esters were not detected in the food provided.
EVect of hormone treatment on plasma concentrations of steroids and cholesterol DHT treatment, irrespectively of sex, inXuenced DHT plasma concentrations (Table 2a) . Post hoc tests revealed, as expected, that DHT was elevated not only in the DHTtreated birds but also in the T-treated birds, since T can be converted to DHT and this was the case in both sexes (Fig. 2a) . Again as expected, T increased only in the T group, both in males and in females, with males showing higher levels than females (Fig. 2b) . Indeed, there were signiWcant eVects of hormone treatment and sex on T levels. Although the Wgure shows that this sex diVerence is lacking in the Ttreatment group there was no signiWcant interaction eVect between sex and treatment (Table 2b) .
Treatment also signiWcantly aVected E2 levels irrespectively of sex (Table 2c) . Post hoc tests revealed that E2 was suppressed in the T group and showed a similar tendency in the DHT group (Fig. 2c) , likely by aVecting the negative feedback on the HPG axis (Roselli and Resko 1993) , and indicating low levels of aromatase activity. Surprisingly, EVect of steroid treatment on color and size of the eye ring and on body condition Hue was strongly aVected by hormone treatment (Table 3a) as T and D birds increased hue values compared to C, while E birds decreased it (Fig. 4a) . The interaction between sex and hormone treatment and sex alone were not signiWcant in the full model and therefore removed from the Wnal model (Table 3a) . UV-hue was aVected by hormone treatment (Table 3b ) as E birds showed higher values than C (Fig. 4b ). Sex and its interaction with hormone treatment was not signiWcant (Table 3b ). Chroma variation was explained by the interaction between sex and hormone treatment (Table 3c) , with T and D males showing higher values of chroma than T and D females (Fig. 4c) . UV-chroma was strongly aVected by hormone treatment (Table 3d) as T and D birds increased UV-chroma compared to C (Fig. 4d) independently of sex or its interaction (Table 3d) . Treatment signiWcantly aVected eye ring size as revealed by the signiWcant eVect of treatment (Wnal model: F (1,90) = 8.32, p < 0.0001) in the GLM ANCOVA model (size day-0: F (1,90) = 32.82, p < 0.0001, Fig. 5 ). Post hoc analyses showed that size increased in birds treated with T or DHT, both in males and females. The model showed also an eVect of sex (Wnal model: F (1,90) = 15.90, p < 0.0001) with a greater eye ring for males in all treatments groups (Fig. 5) , while the interaction between sex and hormone treatment was removed from the original model because not signiWcant (GLM ANCOVA sex £ hormone treatment: F (1,87) = 0.09, p = 0.97). We considered sex diVerences in periorbital ring of control birds to evaluate if this trait can be considered sexually dimorphic. We found a signiWcant diVerence only for size of the eye ring (female: 23.50 § 2.10 mm 2 ; male: 32.50 § 1.93 mm 2 ; one-way ANOVA: F (1,22) = 9.95, p = 0.004) while the diVerences in color parameters did not reach statistical signiWcance, perhaps because the birds were sexually inactive (hue: female: 579 § 3.89 nm, male: 589 § 3.58 nm; one-way ANOVA: F ( Only sex explained BC variation (GLM ANCOVA Wnal model: sex, F (1,93) = 4.91, p = 0.03; BC day-0: F (1,93) = 8.39, p = 0.005) while hormone treatment and sex £ hormone treatment were removed (original model: hormone treatment, F (3,87) = 1.88, p = 0.14, sex £ hormone treatment, F (3,87) = 1.42, p = 0.24; Fig. 6 ).
Discussion
Characterization of skin carotenoids
In order to better understand the hormonal control of sex diVerences in carotenoid-dependent sexual signals we treated male and female diamond doves with the aromatizable testosterone, the non-aromatizable dihydrotestosterone and estradiol, after Wrst characterizing carotenoids in the signal, the red enlarged eye ring.
By analyzing carotenoid content of the food we provided to the birds we demonstrate that only two (zeaxanthin and trans-lutein) out of the seven carotenoids we detected in the skin were present in the food too, indicating that the birds substantially metabolize these two compounds. In particular, this is one of the few studies that have detected dehydrolutein, an oxidized form of lutein and zeaxanthin (Gesa et al. 2008) , in the integument of birds (Costantini et al. 2009 ). Interestingly, the eye ring contains very high amounts of carotenoid esters. Carotenoid esters have been previously found in the skin of the legs of the domestic goose (Anser anser domestica), in the skin of comb and leg of the domestic hen (Gallus gallus domesticus), in the wattle of the turkey (Meleagris gallopavo) and in the bare skin of the partridge (Perdix perdix) (Czeczuga 1978) . In all the reported cases only astaxanthin esters have been detected while we found mainly lutein esters. Moreover, the levels ; wattle of turkey: 1.954 g g ¡1 ; Czeczuga 1978) compared to the amount of carotenoids that we found in the periorbital ring of the diamond dove (311.12 g g ¡1 for female and 1,274.29 g g ¡1 for male). Lutein is transported by lipoproteins in the free form (Tyczkowski and Hamilton 1986) and lutein esters are remobilized from the integument also in the free form, after speciWc enzymatic steps (SchaeVer et al. 1988 ). Therefore our Wndings suggest the expression in situ of speciWc enzymes responsible of the esteriWcation, as observed in the toe web of chickens, one of birds' major sites of lutein esters deposition (Tyczkowski and Hamilton 1986) . The high levels detected in the periorbital ring of the diamond dove indicate that it is specialized to absorb and store carotenoids and perhaps this may be an adaptation of the diamond dove to the high temperature in their habitat since esteriWed carotenoids are more stable if exposed to high temperature or UV radiation than free carotenoids (Subagio al. 1999) , while maintaining the typical spectra property of xanthophylls (Pintea et al. 2005 ).
EVectiveness of hormone treatments
Both T and DHT treatments were eVective in increasing peripheral concentrations of the steroid of interest, independently of sex. T increased DHT too, since the former can be readily converted to the latter in a variety of tissues (Pirog and Collins 1999; Gingras et al. 2003) . E2 was elevated only in males receiving E2 treatment and not in females, because control females showed high levels of E2 already. We are conWdent that E2 treatment worked because of its eVect in inducing hypercholesterolemia (Chapman 1980; Dashti et al. 1983) in both sexes. In addition, E2 suppressed androgen production, most likely via its eVect on the HPG axis. We do not have data for the natural range of these steroid levels in reproductively active diamond doves not treated with the hormones and housed under normal light dark schedule (we housed them under short L-D cycle) but there are data available for similar-sized bird species. Only the values of T in our T-treated birds and perhaps E2 in E2-treated males (Table 3 ) seem quite high. However, it is not uncommon to Wnd such high concentration in un-manipulated birds (for a discussion on a comparable bird species, the zebra Wnch, see Alonso-Alvarez et al. 2007 ). Moreover, pharmacologically detrimental levels are expected to aVect general conditions, but we have not found any detrimental eVect of androgens in our study on body condition, while a detrimental eVect would probably lower instead of elevating red eye ring coloration and size. Nevertheless, we analyzed the association between T levels, color and size of the trait within T birds only in order to detect whether T aVected the eye ring traits in a dose-dependent manner. For none of the traits we could Wnd any indication that this was the case, nor when tested linearly or quadratic (all p > 0.30).
Eye ring regulation by gonadal hormones
We found that the androgens T and DHT, both binding to the same androgen receptor (Roy et al. 1999 ) increased eye ring hue, UV-chroma and size both in males and females, while E2 was ineVective in changing size and decreased coloration to some extent. Both androgens increased chroma as well, but only in males. This is the Wrst study showing a positive eVect of androgens on color while excluding a role for E2, suggesting that the mechanism regulating bare skin coloration could involve speciWcally the androgen receptor. However, stronger evidence for a speciWc role for androgen receptor regulation should be acquired through additional experiments using, e.g., androgen blockers or investigating receptor expression at histological level.
Importantly, we did not Wnd any evidence supporting indirect regulation of carotenoid deposition by androgens via their stimulatory eVect on circulating levels of lipoproteins. In those treatment groups in which color was enhanced (T and DHT) lipoproteins were not elevated. Although we did not separate the main carotenoid transporter, HDL, from LDL or VLDL, the decoupling of lipoproteins and carotenoid expression is further substantiated by our Wnding that cholesterol increased only in E2 birds, the only group that did not show an increase in coloration. This indicates that the intensity of the signal is not due to the increase of lipoproteins alone, but to the concurrent activation of cell receptivity for carotenoids, which in turn is receptor dependent (cf., Kiefer et al. 2002 for carotenoids uptake and Rigotti et al. 1997; Rigotti et al. 2003 for selective lipoprotein uptake). This does not support the hypothesis that the cost of displaying carotenoid-based traits is represented by the cost of lipoprotein production . Our results are consistent with the hypotheses that the cost of carotenoid-based signals may be the action of T on the immune system (immunocompetence handicap hypothesis; Folstad and Karter 1992) or on the oxidative stress status (oxidative handicap hypothesis; Alonso-Alvarez et al. 2007) . One may, however, argue that some studies showed that administering cholesterol to birds caused an increase in circulating carotenoids (Allen and Wong 1993; McGraw and Parker 2006) and an enhancement of carotenoid coloration (McGraw and Parker 2006) . Unfortunately neither of these studies ascertained the level of androgens after cholesterol treatment, as cholesterol is the precursor of testosterone and the up regulation of cholesterol is the Wrst step of the complex steroidogenesis processes involving diVerent kinds of cell and lipoprotein receptors (Tóth et al. 1997; Capponi 2004) . Moreover, cholesterol supplementation may improve the bird's condition and stimulate reproductive activity and testosterone production.
Androgen regulation of carotenoid deposition at trait level can be mediated by androgen receptors that in turn regulate the expression of other receptors involved in regulating the selective uptake of carotenoids into the cell, such as the scavenger receptor. Class B scavenger receptor is a cell surface receptor that can recognize the apolipoproteins on the surface of the HDL particle (Rigotti et al. 1997) . The loss of function of a class B scavenger receptor is associated with a carotenoid-deWcient phenotype in the fruit Xy Drosophila (Kiefer et al. 2002) . We are not aware of any study on avian scavenger receptors but it seems a quite conservative receptor that can be found both in invertebrates and vertebrates (Rigotti et al. 1997; Kiefer et al. 2002) .
Sex-speciWc eVects of steroids We found that both males and females increased the hue, UV-chroma and size of the eye ring when treated with androgens, suggesting a similar mechanism in sexual trait regulation for the two sexes. We did not gather evidence that high concentration of androgens were badly tolerated by females, as we did not Wnd any decrease of body condition or color loss after T treatment, as observed in T-treated zebra Wnch females (McGraw 2006a, b) . Moreover, we showed that part of T administered to the birds was converted to DHT in both sexes, showing that females posses the same physiological competence of males in metabolizing androgens. Since the data on color variables, size and body condition were corrected for the initial values the birds displayed before hormone treatment, the sex diVerence in size indicate that males are more sensitive to androgens than females, as shown also by higher values of chroma registered in males relative to females treated in the androgen group.
Studies comparing the eVect of androgens on color-ornaments in adult male and female birds are scarce (Ketterson et al. 2005; Zysling et al. 2006 ). To our knowledge, the only study that has considered the eVect of androgens on the variation of a Xeshy sexual trait in both males and females has been carried out in the moorhen Gallinula chloropus (Eens et al. 2000) . Although male moorhens have a larger shield than females, T manipulations aVect shield size and redness of males and females in the same way (Eens et al. 2000) . Recently, evidence is accumulating that male sexual ornaments may not only share genetic and endocrinological control mechanisms with that of females as being correlated traits, but that in monogamous species female ornaments are under sexual selection like in the male sex, even when the female ornament is less conspicuous that in the male (Amundsen 2000; Ketterson et al. 2005) . The diamond dove is such a monogamous species.
In conclusion, we demonstrated that the eye ring of diamond doves contains high amounts of several carotenoids, mostly metabolized from two carotenoids taken up from the food. We conWrmed what was already known for this species (Gray 1970; Voets 1980) , that the eye ring is a sexually dimorphic trait, speciWcally, eye ring size is always larger in males than females independent of hormone treatment, while color dimorphism depends much on the endocrine status of birds. SpeciWcally, color and size of the eye ring are sexually dimorphic in both sexes under the control of androgens but not estrogens, with the size of the ring and to some extent color (chroma) in males being more sensitive to androgens than in females. We found no evidence for the hypothesis that the production of the transporter of carotenoids may be a cost to sexual signaling. 
